Nontuberculous mycobacteria-lung disease (NTM-LD) is an important clinical concern[@b1][@b2] because the prevalence of NTM infection has increased over the last ten years[@b3][@b4][@b5][@b6]. Among NTM infections, *Mycobacterium avium* complex (MAC) is one of the most frequently isolated species responsible for lung disease[@b3][@b7][@b8]. In fact, MAC ubiquitously exists in the environment, and the clinical significance of a positive sputum culture is only around 35--42%[@b9][@b10]. Thus, its development is indicative of vulnerability[@b11][@b12].

Recent studies have reported reduced interferon-gamma (IFN-γ) responses from whole blood co-cultured with MAC antigen[@b13], and from peripheral blood mononuclear cells (PBMCs) stimulated by mitogen plus interleukin-12[@b14] or by MAC in patients with NTM-LD[@b15]. The mechanism responsible for the reduced PBMC response to MAC antigen is not fully understood. Programmed cell death-1 (PD-1) is a negative co-receptor for T cell activation, and it sends inhibitory signals to control the inflammation threshold for antigen stimulation[@b16]. Once PD-1 is over-expressed in patients with chronic mycobacterial lung disease, apoptosis will increase and cellular immunity will be attenuated[@b17][@b18][@b19]. Under such conditions of suppressed immunity, MAC bacilli may progress to infection as they enter the airway[@b20]. However, the PD-1 pathway in the pathogenesis of MAC-LD has yet to be investigated. Therefore, the aim of this study was to investigate the pathogenic role of PD-1 in MAC-LD.

Results
=======

We enrolled 80 participants, including 50 patients with MAC-LD and 30 healthy controls. The mean age and body mass index (BMI) of the patients with MAC-LD were 63.8 years and 20.6, respectively, and 36% were male ([Table 1](#t1){ref-type="table"}). Three had autoimmune diseases, including two with autoimmune thyroiditis and one with Sicca syndrome. In terms of other clinical characteristics, 26% of the patients with MAC-LD had a prior history of tuberculosis (TB), and cough was the most common presenting symptom. The patients with MAC-LD had an average 3.1 sets of positive sputum cultures for MAC, 1.1 sets of positive acid-fast stains, and 3.3 chest X-ray (CXR) score. With regards to pulmonary function, the patients with MAC-LD had a relatively low forced expiratory volume in one second/forced vital capacity (69%), and a forced expiratory flow between 25% and 75% of vital capacity (57.9%).

Attenuated cytokine production in MAC-stimulated PBMCs in the patients with MAC-LD
----------------------------------------------------------------------------------

We stimulated PBMCs with heat-killed *M. avium* bacilli and MAC sensitin and compared the results to phytohemaglutinin-L (PHA) which was used as the positive control antigen for lymphocyte stimulation ([Fig. 1](#f1){ref-type="fig"}). The PBMC responses of tumor necrosis factor (TNF)-α were higher in the healthy controls than in the patients with MAC-LD after stimulation with MAC bacilli at a multiplicity of infection (MOI) of 20 (mean ± standard deviation \[SD\]: 1401.8 ± 1370.3 vs. 449.7 ± 603.7 pg/ml, p = 0.001), MOI = 100 (2982.4 ± 3268.2 vs. 1079.0 ± 1095.5 pg/ml, p = 0.004), and sensitin (10 μg/ml) (567.0 ± 189.0 vs. 255.6 ± 192.1 pg/ml, p = 0.042) ([Fig. 1A](#f1){ref-type="fig"}). The IFN-γ responses to MAC bacilli (MOI = 20 and 100) and MAC sensitin were also higher in the controls than in the patients (all p \< 0.05) ([Fig. 1B](#f1){ref-type="fig"}). The IFN-γ response to stimulation by MAC bacilli (MOI = 100) was 207.9 ± 281.2 pg/ml in the controls compared to 51.0 ± 88.7 pg/ml in the patients (p = 0.007). However, even though the TNF-α response was different between the healthy controls and patients with MAC-LD with PHA stimulation, there was no difference in IFN-γ response (p = 0.856). This result may suggest that susceptibility to MAC is caused by attenuated IFN-γ production.

There was no significant difference in gender between the control and patient groups (36% vs. 33% male, p = 0.809, chi square test), but the controls were significantly younger than the patients (36.8 vs. 63.8 years, p \< 0.001, Student's *t* test). The cytokine production in the PBMC assay was similar between the participants aged ≥ 65 years and those aged \< 65 years (IFN-γ under MAC MOI = 100: 101.7 ± 243.0 vs. 110.6 ± 178.0 pg/ml, p = 0.955 \[[Table E1](#S1){ref-type="supplementary-material"}, [Supplement File](#S1){ref-type="supplementary-material"}\]). In addition, we compared 15 age- and sex-matched pairs of patients and controls to validate the IFN-γ responses from the PBMCs stimulated by MAC, and the results still showed a lower response in the MAC-LD group (286.3 ± 304.8 vs. 96.3 ± 138.1 pg/ml, p = 0.020, Mann Whitney *U* test \[[Fig. E1](#S1){ref-type="supplementary-material"}, [Supplement File](#S1){ref-type="supplementary-material"}\]).

Potent PD-1 expression and enhanced apoptosis on T lymphocytes in the patients with MAC-LD
------------------------------------------------------------------------------------------

To further investigate whether PD-1/PD-L1 was responsible for the low IFN-γ response in the PBMCs of the patients with MAC-LD, we measured the expressions of PD-1 and PD-L1 on PBMCs using flow cytometry. The results showed that the expression of PD-1 was higher in CD3 (mean ± SD: 34.2 ± 10.8% vs. 22.8 ± 5.4%, p = 0.003), CD4 (36.5 ± 14.1% vs. 23.8 ± 5.3%, p = 0.007), CD8 (34.1 ± 9.9% vs. 23.5 ± 8.3%, p = 0.008), CD19 (3.5 ± 2.2% vs. 2.1 ± 1.1%, p = 0.029), CD56 (10.4 ± 10.5% vs. 3.9 ± 2.5%, p = 0.028), and CD4^+^CD25^+^cells (50.4 ± 18.1% vs. 30.5 ± 9.9%, p = 0.023) of the patients with MAC-LD compared to the healthy controls ([Fig. 2A--C](#f2){ref-type="fig"}, Mann Whitney *U* test). In a comparison with six age-matched controls, the patients still had a higher PD-1 expression ([Fig. E2](#S1){ref-type="supplementary-material"}, [Supplement File](#S1){ref-type="supplementary-material"}). The PD-1 expression in CD14^+^monocytes was similarly low between the controls and patients (1.8 ± 0.9% vs. 1.5 ± 1.0%, p = 0.403). In contrast, the patients had a higher PD-L1 expression on lymphocytes (3.3 ± 3.2% vs. 0.4 ± 0.2%, p \< 0.001) and monocytes (18.5 ± 16.1% vs. 5.2 ± 7.5%, p \< 0.05) than the controls ([Fig. 2D](#f2){ref-type="fig"}). There were no significant differences in cell sub-populations of the PBMCs between the controls and patients in terms of CD3, CD4, CD8, CD19, or CD14 ([Fig. E3](#S1){ref-type="supplementary-material"}, [Supplement File](#S1){ref-type="supplementary-material"}).

In addition to PD-1 expression, the apoptosis status of T lymphocytes was measured by Annexin V and SYTOX orange staining. MAC-LD status was associated with higher early (Annexin V \[ + \], and SYTOX orange \[-\]) (32.9 ± 8.7%) and late apoptosis status (all Annexin V \[ + \]) (36.1 ± 9.4%) on CD4 lymphocytes compared to the healthy controls (19.0 ± 10.2%, p = 0.003; and 20.0 ± 10.9%, p = 0.001, respectively) ([Fig. 2E](#f2){ref-type="fig"}). The trend of apoptosis on CD3 lymphocytes was also higher in the patient group. The apoptosis status on CD8 was not measured in the present study.

Changes in cytokine production and PD-1 expression after anti-MAC treatment
---------------------------------------------------------------------------

To investigate the effect of anti-MAC treatment, we measured the cytokine response from the PBMC stimulation assay before and after 2 months of treatment for MAC-LD. The trend of cytokine response was significantly increased after the treatment, including TNF-α (from 741.0 ± 825.4 to 1726.1 ± 820.6 pg/ml, p = 0.031) and IFN-γ (from 35.0 ± 39.1 to 242.5 ± 178.7 pg/ml, p = 0.031, Wilcoxon test), while the differences with PHA stimulation were not significant ([Fig. 3A](#f3){ref-type="fig"}). The cytokine responses improved after MAC treatment, possibly suggesting that the suppressed PBMC function might be due to chronic MAC infection. The PD-1 expression decreased slightly after 2 months of anti-MAC treatment ([Fig. 3B](#f3){ref-type="fig"} and [Fig. E8](#S1){ref-type="supplementary-material"} in the [Supplement file](#S1){ref-type="supplementary-material"}). The expression of PD-1 on CD3, CD4, and CD8 decreased from 32.7 ± 17.9%, 37.9 ± 22.2%, and 31.2 ± 11.2%, to 31.4 ± 18.0%, 35.4 ± 22.3%, and 27.3 ± 8.9%, respectively (all p \< 0.05, Wilcoxon test).

MAC stimulation enhanced PD-1 expression and apoptosis on T lymphocytes
-----------------------------------------------------------------------

To assay the cell response to MAC, the PBMCs were stimulated *in vitro* with heat-killed MAC bacilli for 48 h. The PD-1 expression and apoptosis status were then assessed on T lymphocytes ([Fig. 4](#f4){ref-type="fig"}). The apoptosis with mock stimulation seemed to be lower than the baseline level, which may have been due to different time points and inter-subject variation. Thus, mock- and MAC-stimulation at the same time point (after 2 days of assay) were compared in the same subjects. With regards to the PBMCs with MAC stimulation, the increases in PD-1 expression and apoptosis were statistically significant in CD3, CD4, CD8 lymphocytes by one-way ANOVA (all p \< 0.001). For CD4 lymphocytes, MAC stimulation significantly increased the expression of PD-1 (from 24.4 ± 6.1% to 26.7 ± 7.0%, p = 0.03) ([Fig. 4A](#f4){ref-type="fig"}) and apoptosis (early phase: from 30.0 ± 8.9% to 42.1 ± 9.1%; all phases: from 29.2 ± 10.7% to 41.6 ± 10.6%, both p \< 0.05, Wilcoxon test) ([Fig. 4B](#f4){ref-type="fig"}) in the patients with MAC-LD. Compared to the healthy controls under MAC stimulation, the PD-1 expression and apoptosis were higher in lymphocytes from the patients (p \< 0.01 for PD-1% and p \< 0.05 for apoptosis). A similar trend was also observed in CD3 subsets of T lymphocytes.

PD-1 and PD-L1 interaction in MAC-LD contributed to cytokine production and apoptosis
-------------------------------------------------------------------------------------

Given the higher expression of PD-1/PD-L1 on the lymphocytes of the patients with MAC-LD, and that the PD-1 expression and apoptosis were responsive to MAC stimulation, we investigated whether a high expression of the PD-1 pathway on lymphocytes in the patients with MAC-LD was responsible for the decrease in cytokine production and increase in apoptosis. PBMCs were pre-treated with antagonizing PD-1, PD-L1, and PD-L2 antibodies (10 μg/mL each) (eBioscience, USA) for 1 hour. After washing out the antibodies, the PBMC stimulation assay was conducted with MAC (MOI = 100). Cytokine production significantly increased compared to the PBMCs that were not pre-treated with blocking antibodies ([Fig. 5A](#f5){ref-type="fig"}). The expression of TNF-α increased from 1969.0 ± 1342.9 to 2463.2 ± 1412.6 pg/ml (p = 0.020), and IFN-γ increased from 23.1 ± 7.3 to 39.0 ± 19.1 pg/ml (p = 0.016, Wilcoxon test). The blocking effect of MAC-stimulated PBMCs also existed in the control group ([Fig. 5B](#f5){ref-type="fig"}), and increased the responses of TNF-α (from 2118.4 ± 2034.1 to 2964.1 ± 2627.2 pg/ml) and IFN-γ (from 460.6 ± 533.8 pg/ml to 582.1 ± 595.8 pg/ml) in the PBMC assay (both p \< 0.01). The post-blocking cytokine levels were not significantly different between the patients and controls ([Fig. E9](#S1){ref-type="supplementary-material"}, [Supplement file](#S1){ref-type="supplementary-material"}), and the increase in IFN-γ was similar between the controls and patients (1.4 ± 0.4 vs. 1.7 ± 0.9, p = 0.475, Mann Whitney U test). Flow cytometry demonstrated decreased apoptosis on the pre-treated T lymphocytes in the stimulation assay in the patients with MAC-LD ([Fig. 5C](#f5){ref-type="fig"}). The early phase of apoptosis (Annexin V \[ + \] but SYTOX orange \[−\]) on CD4 lymphocytes decreased from 17.2 ± 2.5% to 14.1 ± 2.3% (p = 0.008, Wilcoxon test), and apoptosis overall decreased from 21.5 ± 4.3% to 17.3 ± 3.7% (p = 0.016). A similar pattern was also observed in CD3 + lymphocytes, suggesting that blocking the PD-1 pathway may improve lymphocyte function and reduce apoptosis.

MAC-primed macrophages induced PD-1/PD-L1 expression on CD4 lymphocytes
-----------------------------------------------------------------------

To understand the details of the PD-1 pathway in MAC-LD, blood monocyte-derived macrophages were stimulated by MAC bacilli and lipopolysaccharide for 24 h. The cytokine production of TNF-α (1041.2 ± 1044.0 vs. 814.0 ± 1316.0 pg/ml, p = 0.190 Mann Whitney test) and interleukin (IL)−1β (37.9 ± 56.3 vs. 28.0 ± 54.3 pg/ml, p = 0.980) were similar between the healthy subjects and patients with MAC-LD ([Fig. 6A](#f6){ref-type="fig"}). The antigen-primed macrophages were then co-cultured with CD14-negative cells (1:10) from the same patient for 5 days. Cytokine production of TNF-α and IFN-γ from the lymphocytes co-cultured with the MAC-primed macrophages was significantly higher in the healthy subjects than that in patients with MAC-LD (TNF-α: 2101.0 ± 1536.8 vs. 1192.3 ± 1640.1, p = 0.025; and IFN-γ: 1956.0 ± 3130.8 vs. 417.5 ± 856.8 pg/ml, p = 0.0019, Mann Whitney test) ([Fig. 6B](#f6){ref-type="fig"}).

For the co-cultured lymphocytes, we measured the expressions of PD-1 and PD-L1 on CD4 lymphocytes, and found that the expression of PD-1 increased from 16.1 ± 7.1% to 19.3 ± 7.8% (p = 0.009, Wilcoxon test) and PD-L1 increased from 4.2 ± 3.1% to 16.3 ± 12.2% (p = 0.009, Wilcoxon test) in the MAC-LD group ([Fig. 6C](#f6){ref-type="fig"}). The degrees of increase in PD-1 (1.24 ± 0.23 vs. 1.01 ± 0.10 times, p = 0.042, Mann Whitney *U* test) and PD-L1 (8.10 ± 11.9 vs. 1.83 ± 1.22 times, p = 0.011, Mann Whitney *U* test) on the CD4^ + ^lymphocytes were significantly higher in the patients than in the controls. Apoptosis (Annexin V \[ + \]) on the CD4 lymphocytes of the patients with MAC-LD became significantly higher than that in the healthy controls after co-cultured with MAC-primed macrophages (49.1 ± 19.0% vs. 31.1 ± 9.7%, p = 0.019, Mann Whitney test), whereas the difference was not significant with mock-primed macrophages (35.4 ± 15.5% vs. 22.5 ± 6.2%, p = 0.063) ([Fig. 6D](#f6){ref-type="fig"}). The expression of Annexin V on the CD4 lymphocytes was significantly increased in the patients with MAC-LD (49.1 ± 19.0% vs. 35.4 ± 15.5%, p = 0.004) but not in the controls (p = 0.134, Wilcoxon test).

We then conducted a blocking assay with antagonizing PD-1 and PD-L1 antibodies to evaluate the role of the pathway. We used PD-L1 antibodies for the MAC-primed macrophages, and treated the CD14-negative cells with PD-1 antibodies for 1 hour before co-culturing the two kinds of cells. The cells were co-cultured for 5 days, after which IFN-γ production was significantly higher in those with PD-1/PD-L1 blocking (284.1 ± 115.5 pg/ml) compared to those without PD-1/PD-L1 blocking (119.9 ± 88.0 pg/ml, p = 0.031, Wilcoxon test) ([Fig. 6E](#f6){ref-type="fig"}). Similarly, the production of IFN-γ increased with PD-1/PD-L1 blocking in the co-culture assay using MAC-primed macrophages from the healthy controls (from 329.4 ± 277.5 to 828.2 ± 758.7 pg/ml, p = 0.039, Wilcoxon test, [Fig. 6F](#f6){ref-type="fig"}). The post-blocking level ([Fig. E10](#S1){ref-type="supplementary-material"}, [Supplement file](#S1){ref-type="supplementary-material"}) was not significantly different between the controls and patients, and the degree of increase of IFN-γ was similar (2.8 ± 1.9 vs. 3.0 ± 1.2 times, p = 0.852, Mann Whitney U test).

The co-cultured cells were re-stimulated with anti-CD3 (5 μg/ml) and anti-CD28 (1 μg/ml) antibodies for 1 day. We then performed intracellular IFN-γ staining and measured the expression of PD-1, which was higher on the CD4^+^IFN-γ^+^lymphocytes in the patients than in the controls (65.7 ± 17.2% vs. 44.4 ± 19.4%, p = 0.044) ([Fig. E11B](#S1){ref-type="supplementary-material"}, [Supplement file](#S1){ref-type="supplementary-material"}). After performing the blocking assay, the expressions of PD-1 and PD-L1 on the CD4 lymphocytes decreased from 35.5 ± 24.6% to 33.0 ± 24.9% (p = 0.041, Wilcoxon test) and 22.0 ± 21.9% to 7.8 ± 7.7% (p = 0.021, Wilcoxon test), respectively ([Fig. E11C](#S1){ref-type="supplementary-material"}, [Supplement file](#S1){ref-type="supplementary-material"}). The percentages of change were 7.04% and 64.54% for PD-1 and PD-L1, respectively.

Discussion
==========

In the present study, the patients with MAC-LD had a weak *in vitro* PBMC response to *M. avium* bacilli and sensitin, and this response was lower than that of the controls. In addition, the expressions of PD-1 and PD-L1 and apoptosis on the T lymphocytes were higher in the patients, and could be induced directly by MAC bacilli stimulation or indirectly by MAC-primed macrophages. The cytokine production in the PBMC assay and lymphocyte activation assay was improved by blocking PD-1 and PD-1 ligand.

The burden of MAC-LD has increased in the last decade, however the causes remain unclear[@b3][@b6][@b21]. While the common hypothesis is an increase in the number of immuno-compromised patients, the role of the host and interactions with MAC also need to be clarified[@b7][@b11][@b22][@b23]. The patients with MAC-LD in the present study had lower PBMC responses of both TNF-α and IFN-γ to *M. avium* bacilli stimulation compared to the healthy controls. However, the IFN-γ response level to PHA stimulation was similar, indicating that chronic MAC infection may induce suppression of cellular immunity. In the macrophage experiment, cytokine production was similar to macrophage stimulation by MAC, but different in lymphocyte activation by MAC-primed macrophages. This suggests that lymphocyte activation may be a key step in attenuating MAC-associated immunity.

The exact mechanism of action of *M. avium* bacilli is unclear. Our results suggest the enhanced exhaustion of PD-1 and PD-L1 on lymphocytes and PD-L1 on monocytes in MAC-LD, which then attenuates the activation of immunity. In a previous study, the PD-1 pathway was shown to suppress T cell function and increase apoptosis in a model of *Mycobacterium tuberculosis* infection[@b24][@b25]. In addition, the expression of PD-1 has been reported to be higher in patients with TB on CD3, CD4, CD8, and CD19-positive lymphocytes[@b25], similar to the results of our patients with MAC-LD. In contrast, the expression of PD-1 was enhanced on CD14^+^monocytes in the patients with TB[@b25], whereas there was no corresponding increase in our patients with MAC-LD.

The expression of natural killer (NK) cells has been reported to be impaired with decreased IFN-γ production and lytic degranulation by the PD-1 pathway in *Mycobacterium tuberculosis* infection[@b26][@b27]. The PD-1 expression on NK cells was higher in the patients with MAC-LD than in the controls. On the other hand, CD4^+^CD25^+^lymphocytes in patients with MAC-LD may be considered as regulatory T cells and have an over-expression of PD-1 and population expansion, which is similar to patients with TB[@b28]. These observations could also be responsible for the inhibition of immunity by lymphocytes in MAC-LD[@b19][@b20][@b28][@b29]. As we did not perform intracellular staining for cytokines in the present study, we could not ascertain the lymphocyte cell types contributing to the increase in cytokines after stimulation or blockade.

In the present study, blocking the PD-1 and PD-1 ligands under MAC stimulation augmented IFN-γ production and reduced lymphocyte apoptosis, consistent with previous reports on TB[@b25][@b26][@b30]. An increase in IFN-γ with the blocking assay was noted in both the patients with MAC-LD and controls in this study. However, several studies on sarcoidosis and pulmonary TB showed no effect of blocking PD-1 in healthy controls[@b25][@b31]. There are several possible explanations for this finding. First, responses to blocking the PD-1 pathway might differ between different diseases and different pathogens. For example, Kartalija *et al* reported that IFN-γ production from PBMCs in response to MAC bacilli was weaker in patients with MAC-LD than in healthy controls[@b13], which is consistent with the findings of the present study but in contrast to patients with TB who have been reported to have higher IFN-γ production than controls during stimulation with *Mycobacterium tuberculosis* antigens[@b32]. Second, the preparation of MAC bacilli in the present study may not have been sufficiently pure, which may have resulted in nonspecific responses. Third, there were differences in measurements among the studies. For example, Braun *et al*[@b31] measured lymphocyte proliferation after blocking PD-1/PD-1 ligands on PBMCs under T cell receptor stimulation (anti-CD3 and anti-CD28 antibodies), whereas in the present study we measured secreted cytokines under MAC stimulation. On the other hand, Singh *et al*[@b25] reported no obvious increase in IFN-γ^+^CD3^+^T cells in PPD-positive healthy controls after the blocking assay, whereas we measured total soluble cytokine production in culture supernatant but not in specific T cell subsets. Other immune cells may produce IFN-γ against infection[@b33][@b34]. Therefore, further studies are needed to elucidate the reasons for the differences in results in healthy subjects between the present study and other studies.

In this study, we observed that an increase in PD-1 was induced by MAC stimulation in both the patients with MAC-LD and healthy controls ([Fig. 4](#f4){ref-type="fig"}), and the effect of the blocking assay might have been through suppressing the pathway activated by MAC. We hypothesize that the increase in the PD-1 pathway under MAC stimulation may not be the cause of MAC-LD but rather a presentation of immune exhaustion during chronic MAC-LD. In addition, the effect of the PD-1 blocking assay does not necessarily mean that healthy subjects will be more prone to MAC-LD, because the blocking effect may only be due to manipulation of the immunomodulation induced by MAC, and other host susceptibilities exist for MAC-LD which were not investigated in the present study[@b35].

In patients with *M. tuberculosis* infection, the expressions of PD-1 and PD-ligands have been reported to be lower after anti-TB treatment, suggesting that the PD-1 pathway is induced by mycobacterial infection[@b25][@b36]. We also found a decreasing trend of PD-1 expression on lymphocytes after 2 months of treatment for MAC-LD. However, the degree of the decrease in PD-1 expression after anti-MAC treatment was not as pronounced as in previous reports in patients with TB[@b25]. The differences between TB and NTM are unclear, but might involve difficulty in treating MAC-LD or a more chronic course of NTM-LD[@b37][@b38]. Therefore, as MAC-LD is a chronic and relapsing disease[@b39][@b40], targeted immune therapy of the PD-1 pathway may be an option worth investigating.

Despite these findings, totally blocking the function of the PD-1 pathway is not beneficial according to previous reports, in which a knockout mice model showed excessive lung inflammation and poor T cell function as well as poor survival in *M. tuberculosis* infection[@b41][@b42]. Proposed mechanisms include increased PD-L1 and B7--1 interactions, acting T cell inhibition[@b43], and recruitment of regulatory T cells[@b41]. Similarly, patients receiving anti-PD-1 treatment for cancer have been reported to develop TB, probably echoing the decrease in immunity associated with over-suppressing PD-1[@b44]. Therefore, adequate regulation of the PD-1 pathway may be more beneficial than totally blocking the function. A recent study also emphasized the physiological function of PD-1 in reducing IFN-γ production from CD4 T cells to prevent lethal disease in patients with TB[@b45]. In the present study, antagonizing PD-1/PD-ligand antibodies partially blocked the PD-1 pathway and improved cytokine production from lymphocytes. The concept of anti-PD-1 therapy has also been suggested in patients with sepsis, which leads to immune exhaustion by PD-1[@b46]. Further studies are needed to investigate the optimal regulation of the PD-1 pathway, which may be helpful in the control of mycobacterial lung disease.

It is well known that MAC infects macrophages and activates toll-like receptors[@b47][@b48]. We also found that the expression of PD-1 ligands was increased in macrophages after MAC bacilli stimulation. Previous investigations have demonstrated that the expression of PD-L1 on antigen presenting cells is controlled by signal transducer and activator of transcription (STAT)1 and STAT3[@b49][@b50]. PD-1 is induced and increasingly expressed on lymphocytes with the upregulation of PD-L1, thereby suppressing T cell function and inducing apoptosis. The c-Jun N-terminal kinase and extracellular signal-regulated kinase pathways have also been reported to be responsible for PD-1 upregulation[@b51]. Further studies of the intra-cellular pathway in MAC-LD are important to develop new treatment strategies for patients with new macrolide resistance or in refractory cases[@b18][@b52].

There are several limitations to the present study. First, the patients and controls were not matched for age. The overall age of the patients with MAC-LD was older than that of the controls which may have led to bias, although we found similar results in age-matched subgroups. Second, an MOI of 100 is high and should be applied cautiously; further validation studies using viable bacilli are needed. Third, we could not identify the intracellular mechanism by which MAC induces the expression of PD-1. Fourth, we used thawed cells which may have resulted in an over-estimation of apoptosis. Fifth, we did not titrate the concentrations of antagonizing antibodies for the PD-1 pathway. In addition, the isotype of the blocking antibody was not controlled, and the blocking effect may have been overestimated. Sixth, we did not perform lymphocyte proliferation assays or intracellular cytokine staining to evaluate lymphocyte function. Finally, we did not investigate *M. avium*-specific CD4 cells in this study, and future studies are warranted.

In conclusion, the lymphocytes of patients with MAC-LD had attenuated function with regards to IFN-γ production and increased apoptosis status, and this may be associated with an increase in the expression of the PD-1 pathway. By partially blocking PD-1 and its ligands, secretion of IFN-γ increased from lymphocytes and apoptosis status improved. Targeted regulation of the PD-1 pathway may have therapeutic potential for MAC-LD in the future, especially for patients who fail current medical treatment.

Materials and Methods
=====================

Patient enrollment
------------------

This prospective study was conducted at National Taiwan University Hospital from April 2012 to July 2016. Patients aged ≥20 years and with respiratory sample(s) that were culture-positive for mycobacteria were screened. Patients with MAC-LD according to the American Thoracic Society (ATS) diagnostic guidelines were enrolled[@b1]. Healthy subjects without respiratory symptoms and normal chest radiographs were enrolled as the controls. The controls did not receive skin tests using sensitin or purified protein derivatives. Patients with human immunodeficiency virus (HIV) infection, active cancer, concurrent TB and extra-pulmonary NTM infection were excluded.

The Research Ethics Committee of National Taiwan University Hospital approved this study (IRB No: 201012082RC and 201407079RIND). All of the participants provided written informed consent. The methods were carried out in accordance with the approved guidelines.

Isolation of PBMCs
------------------

Ten ml of peripheral blood from the enrolled subjects was sampled in heparin-containing tubes. Mononuclear cells were immediately isolated using Ficoll-Paque PLUS (GE Healthcare Life Sciences, Sweden) and suspended in medium containing RPMI-1640 (Life Technologies; USA), 10% fetal bovine serum (FBS), and 1% penicillin-streptomycin (Life Technologies, USA). Viable cells were counted using a Scepter™ 2.0 Handheld Automated Cell Counter (Millipore Corporation, Billerica, MA, USA). All cells were immediately frozen using CELL-BANKER (ZENOAQ, Japan) following the manufacturer's instructions. The cells were then stored at −80 °C and defrosted within days for the scheduled experiments.

Preparation of heat-killed dead *M. avium* bacilli
--------------------------------------------------

*Mycobacterium avium* subspecies (American type of culture collection 25291) were cultured in 7H11 solid medium. The bacilli were retrieved after 5 days of culture, and the colonies were counted using the dilution method. A dry bath incubator was used to heat-kill the bacilli at 80 °C for 30 minutes before retrieval of the dead bacilli. The non-viability of the heat-killed bacilli was proven by re-culture for 4 weeks.

PBMC stimulation assay and PD-1/PD ligand blocking assay
--------------------------------------------------------

The PBMCs were cultivated in 96-well plates in 300 μl of RPMI 1640 medium with 10% FBS and 1% penicillin-streptomycin (2 × 10^5^ cells per well). Heat-killed *M. avium* bacilli were added with MOI of 0, 20, and 100 for the 2-day co-culture ([Fig. E12](#S1){ref-type="supplementary-material"}, [Supplement file](#S1){ref-type="supplementary-material"}). MAC sensitin (Statens Serum Institut, Denmark) (10 μg/ml) and lipopolysaccharide (LPS, from *Escherichia coli* 0111:B4) (Sigma-Aldrich, USA) (5 μg/ml) were used as other antigens, as well as PHA (Calbiochem, USA) (2. ng/ml) as the positive control. The reaction supernatant was retrieved for further cytokine assay.

In subsequent studies, antagonistic PD-1 (10 μg/mL), PD-L1 (10 μg/mL), and PD-L2 (10 μg/mL) antibodies (eBiosciences, USA) were reacted with the PBMCs from the patients for 1 hour[@b25][@b53]. After the antibodies had been washed out, the PBMCs were stimulated using MAC bacilli for 48 h. Cytokine responses and apoptosis were then examined.

Surface markers and apoptosis expression in different PBMC groups
-----------------------------------------------------------------

The components of the PBMCs (1 × 10^6^ cells), including T cells, B cells, NK cells, and monocytes, were measured using flow cytometry (FACSVerse, BD Biosciences, USA) using anti-CD3-PerCP, anti-CD4-APC, anti-CD25-FITC, anti-CD8-FITC, anti-CD14-PerCP, anti-CD19-APC, and anti-CD56-FITC antibodies (BD Biosciences, CA, USA). The PD-1, PD-L1, PD-L2, and apoptosis markers were also stained with anti-PD-1-PE, anti-PD-L1-FITC, anti-PD-L2-APC antibodies (eBiosciences, USA), Annexin V, and SYTOX orange (eBiosciences, USA). Data were analyzed using BD FACSuite V software (BD, Biosciences, USA). We discriminated lymphocyte and monocyte populations using forward scatter (FSC) and side scatter (SSC). We gated the lymphocyte markers CD3, CD19 and CD56 to identify lymphocytes, and CD14 for monocytes. We then gated CD4 and CD8 in CD3-positive lymphocytes and further gated CD25 in CD4-positive lymphocytes. Early apoptosis was defined as Annexin V (+) but SYTOX orange (−), and overall apoptosis was defined as Annexin V (+) regardless of the SYTOX orange results. The PBMCs were stimulated by mock or MAC (MOI 100) for 48 h and stained with PD-1 and T cell and apoptosis markers.

Macrophage stimulation with subsequent lymphocyte co-culture assay
------------------------------------------------------------------

The CD14^+^monocytes were isolated from PBMCs using a CD14-positive selection system (MACS System, Miltenyi Biotec Inc.) and cultivated in RPMI 1640 medium supplemented with 10% FBS, 50 mM 2-mercaptoethanol (Sigma-Aldrich, USA), and 10 ng/ml recombinant human macrophage colony-stimulating factor (R&D Systems, USA) for 5 days to allow for differentiation into macrophages.

The macrophages were stimulated with medium or MAC (MOI 100) for 48 h, and the expressions of PD-L1 and PD-L2 were then measured ([Supplement file](#S1){ref-type="supplementary-material"}). The macrophages were also stimulated with medium, MAC (MOI 20 or 100), and LPS (5 μg/ml) for 24 h. The selected MAC (MOI 100) and mock-stimulated macrophages were then co-cultured with CD14-negative cells from the same subject at a ratio of 1:10 for 5 days. The reaction supernatant was then collected and the co-cultured cells were stained with anti-CD4, anti-PD-1, anti-PD-L1, Annexin V, and SYTOX orange. We performed blocking in the lymphocyte activation assay using antagonistic PD-1 (10 μg/mL) antibodies for CD14-negative cells for 1 hour and PD-L1 (10 μg/mL) antibodies for macrophages before the co-culture in six patients with MAC-LD and eight controls[@b25][@b53]. We then collected the supernatants for further cytokine assays, and added CD3 (5 μg/ml) and CD28 (1 μg/ml) antibodies (eBioscience, San Diego, CA) to re-stimulate the cells for 24 hours[@b54]. We added protein transport inhibitor (BD Bioscience, USA) in the second half of the co-culture. We identified CD4^+^IFN-γ^+^ lymphocytes and measured the expression of PD-1 using anti-CD4-APC, anti-IFN-γ-PerCPcy5.5 and anti-PD-1-PE/Cy7.0 (BD Pharmingen, San Diego, CA) in flow cytometry.

Cytokine examination
--------------------

All experimental supernatants were stored at −20 °C and examined within 1 month in a random order by a technician blinded to the patients' clinical diagnosis. The reaction supernatants were tested for IFN-γ for lymphocyte function and TNF-α and IL-1β for pro-inflammatory responses using the a DuoSet ELISA Development System (R&D Systems, USA).

Data collection and statistical analysis
----------------------------------------

Clinical data including age, sex, co-morbidities, history of pulmonary TB, and laboratory data at enrollment were recorded. Chest imaging was interpreted as noted in a previous study[@b7]. Inter-group differences were analyzed using the Student's *t* test or Mann-Whitney *U* test for numerical variables, where appropriate. The Wilcoxon test was used for paired numerical data in the same subject, especially before and after comparisons or mock vs. antigen comparisons. The chi-square test was used for categorical variables. Statistical significance was set at *p* \< 0.05. All analyses were performed using SPSS version 19.0 (SPSS Inc., Chicago, IL).
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![Cytokine responses were measured by assaying peripheral blood mononuclear cells for 48 h with heat-killed *Mycobacterium avium* complex (MAC) bacilli (multiplicity of infection \[MOI\]: 20 and 100), MAC sensitin (10 μg/ml), and phytohemaglutinin-L (PHA) (2.5 ng/ml) in patients with MAC-lung disease (LD) and controls.\
The samples from all of the enrolled subjects underwent MAC MOI100 and PHA stimulation, and the number of samples assayed for other antigens are described in the [Supplement file](#S1){ref-type="supplementary-material"}. Values for (**A**) tumor necrosis factor-alpha (TNF-α) and (**B**) interferon-gamma (IFN-γ) are presented as dot plots with crossed lines of mean values, and were analyzed using the Student's *t* test. \*0.01 ≤ *p* \< 0.05; \*\*0.001 \< *p* \< 0.01; \*\*\**p* \< 0.001.](srep42004-f1){#f1}

![Programmed cell death-1 (PD-1), PD ligand-1 (PD-L1), and apoptosis expressions in peripheral blood lymphocytes and monocytes were measured by flow cytometry.\
The results shown are (**A**) case demonstration and (**B**,**C**,**D** and **E**) dot plots between the controls and patients with *Mycobacterium avium* complex-lung disease (MAC-LD). We discriminated the lymphocytes (red circles) and monocytes (green circles) by forward scatter (FSC) and side scatter (SSC). We first gated the lymphocyte markers CD3, CD19 and CD56, and CD14 for monocytes. We then gated CD4 and CD8 in CD3-positive lymphocytes and CD25 in CD4-positive lymphocytes. In [Figure 2D](#f2){ref-type="fig"}, we identified monocyte by CD14 positive cells in the monocyte population whereas lymphocyte population was defined by FSC and SSC ([Fig. 2D](#f2){ref-type="fig"}). The crossed lines in the dot plots (B-E) are mean values. The data were compared using the Mann Whitney *U* test. \*0.01 ≤ *p* \< 0.05. Apoptosis was assessed by Annexin V and SYTOX orange staining. Early apoptosis was defined as Annexin V (+) and SYTOX orange (−), while overall apoptosis was defined as Annexin V (+) regardless of the SYTOX orange results.](srep42004-f2){#f2}

![(**A**) Cytokine response (n = 6) and (**B**) programmed cell death-1 (PD-1) expression (n = 5) were measured before and after 2 months of treatment for *Mycobacterium avium* complex lung disease (MAC-LD), and intra-subject changes were compared using the Wilcoxon test. Cytokine responses were measured by assaying peripheral blood mononuclear cells for 48 h with heat-killed MAC bacilli (multiplicity of infection: 100), and phytohemaglutinin-L (PHA) (2.5 ng/ml) in patients with MAC-lung disease. The percentage of PD-1 is shown in the before-and-after graph with intra-subject comparisons. The average PD-1 expression on CD3, CD4, and CD8 decreased from 32.7 ± 17.9% (mean ± standard deviation), 37.9 ± 22.2%, and 31.2 ± 11.2%, to 31.4 ± 18.0%, 35.4 ± 22.3%, and 27.3 ± 8.9%, respectively (all p \< 0.05, Wilcoxon test). \*0.01 ≤ *p* \< 0.05. TNF-α, tumor necrosis factor-alpha; IFN-γ, interferon-gamma.](srep42004-f3){#f3}

![(**A**) Programmed cell death-1 (PD-1) expression and (**B**) apoptosis were assessed by Annexin V and SYTOX orange staining using flow cytometry after 48 h of stimulation of peripheral blood mononuclear cells by multiplicity of infection (MOI) 100 of *Mycobacterium avium* complex (MAC) dead bacilli. Early apoptosis was defined as Annexin V (+) and SYTOX orange (−), whereas overall apoptosis was defined as Annexin V (+) and either SYTOX orange (+) or (−). The Mann-Whitney *U* test was used to compare healthy controls and patients with MAC-lung disease, while the Wilcoxon test was used to compare mock and stimulation in the same subject. \*0.01 ≤ *p* \< 0.05; \*\*0.001 \< *p* \< 0.01; \*\*\**p* \< 0.001.](srep42004-f4){#f4}

![The effect of blocking programmed cell death-1 (PD-1) and programmed death ligand-1&2 (PD-L1&2) was measured by (**A**) cytokine production in the patients with *Mycobacterium avium* complex-lung disease (MAC-LD), and (**B**) that in the healthy subjects, and by (**C**) apoptosis status in PBMCs from the patients with MAC-LD stimulated using MAC (MOI 100). The Wilcoxon test was used to analyze the assays with or without blocking antibodies. TNF-α, tumor necrosis factor-alpha; IFN-γ, interferon-gamma; \*0.01 ≤ *p* \< 0.05; \*\**p* \< 0.01.](srep42004-f5){#f5}

![(**A**) Cytokines were measured by assaying human monocyte derived macrophages with heat-killed *Mycobacterium avium* bacilli (MAC \[MOI:100\]) for 24 h. After co-culturing MAC-primed macrophages with CD14-negative cells from the same subjects for 5 days, we measured (**B**) cytokine responses, (**C**) the expression of programmed cell death-1 (PD-1), PD ligand-1 (PD-L1), and (**D**) Annexin V on CD4 lymphocytes, and changes in (**E**) interferon-gamma (IFN-γ) by blocking PD-1/PD-L1 in the patients with MAC-lung disease (LD) and (**F**) healthy controls. The crossed lines in dot plots (**A**,**B**,**D**) are mean values. The Mann-Whitney *U* test was used to compare controls and patients, while the Wilcoxon test was used to compare the assays with or without blocking antibodies in the same subject. TNF-α, tumor necrosis factor-alpha; IL-1β, interleukin-1 beta; IFN-γ, interferon-gamma; MOI, multiplicity of infection; ns, no statistical significance. \*0.01 \< *p* \< 0.05; \*\**p* \< 0.01.](srep42004-f6){#f6}

###### The clinical characteristics of the participants with *Mycobacterium avium* complex-lung disease (MAC-LD).

                                                   MAC-LD n = 50
  ----------------------------------------------- ---------------
  Age (years)                                      63.8 \[14.0\]
  Male sex                                           18 (36%)
  Current smoker                                      4 (8%)
  Body mass index, kg/m^2^                         20.6 \[2.8\]
  Diabetes mellitus                                   5 (10%)
  Autoimmune diseases^†^                              3 (6%)
  Prior TB history                                   13 (26%)
  Symptoms                                                
   Cough                                             44 (88%)
   Dyspnea                                           17 (34%)
   Hemoptysis                                        10 (20%)
   Duration, days                                  763 \[1124\]
  Sputum study within 1 year                              
   No. of positive AFS                              1.1 \[1.1\]
   No. of positive culture                          3.1 \[1.9\]
  Radiological finding                                    
   CXR score[‡](#t1-fn4){ref-type="fn"}             3.3 \[2.4\]
   Cavitation                                         4 (8%)
  Pulmonary function[§](#t1-fn5){ref-type="fn"}           
   FVC, % of predicted                             93.1 \[18.1\]
   FEV1, % of predicted                            79.7 \[26.3\]
   FEV1/FVC, %                                     69.0 \[17.9\]
   FEF 25--75%, % of predicted                     57.9 \[36.0\]

Abbreviations: AFS, acid-fast smear; CXR, chest radiography; FEF 25--75%, Forced expiratory flow between 25% and 75% of vital capacity; FEV1, Forced expiratory volume in 1^st^ second; FVC, Forced vital capacity; MAC, *Mycobacterium avium* complex; LD, lung disease.

Data are no. (%) or mean \[standard deviation\]

^†^Autoimmune diseases included two with thyroiditis and one with Sicca syndrome.

^‡^CXR score was interpreted by a total score from six lung zones that contained three respective scores[@b55].

^§^Pulmonary function tests were reviewed in 27 patients.
